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ABSTRACT

This report presents the results of work conducted by the Tapco Division
of Thompson Ramo Wooldridge Inc. to satisfy the NASA-Marshall contract
NAS 8-4006. The period of performance for this advanced inducer study
was thirteen months, which included both analytical investigations and

an experimental test program.

The major emphasis of the theoretical effort was to set up an analytical
flow model. Mathematical methods and techniques were developed
for a numerical solution of this model on a digital computer; both the
FORTRAN listing and performance calculations obtained from this
program are reported. Studies were completed in regard to loss distri-
butions, dimensionless parameters, scaling laws, and correlation factors
which, when combined with the velocity distributions obtained from the
flow field solution, form the basis for design criteria or performance
evaluation of full scale inducers.

Concurrent with, and in support of,the aforementioned analytical work,
a referee inducer was tested in both water and liquid hydrogen. The
data obtained in over ten hours running time in the water loop plus
four usable liquid hydrogen test runs are presented for the purpose of
evaluating the theoretical results.
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1.0 'INTRODUCTION

The George C. Marshall Space Flight Center of the National Aeronautics and Space
Administration at Huntsville, Alabama contracted with the Tapco Division of Thompson
Ramo Wooldridge Inc. at Cleveland, Ohio for an advanced inducer study in keeping
with NAS 8-4006 dated February 12, 1962. The results of the work performed to
satisfy this contract are reported herein. They were conducted according to Tapco
Plan 272-074700-08 under the Fluid Systems 512-009440-08 (basic) project assignment .

The cognizant NASA office for work under this contract was Liquid Propulsion Systems
(RPL), with technical management by Messrs. Keith B. Chandler and Loren Gross (M~P&VE-
PA). Mr. Mel Hartman and other members of the Pump Section of the LeRC Turbopump
Branch acted as technical consultants on analytical methods, cryogenic procedures, and
instrumentation techniques.

The purpose of this program was to establish advanced design criteria for high performance
inducers and for their application to large rocket engine propellant pumps. To attain

the objectives of this program, it was necessary to conduct concurrent analytical studies
and experimental work as follows:

1.  Analytical studies were made to determine the influence of fluid
thermodynamic and hydraulic properties on the theoretical perform-
ance of an inducer. The effects of cavitation, bubble size, and
physical characteristics of such things as blading profiles were also
investigated to establish their effects on the velocity distribution
in the flow field. This flow field was described by an analytical
model which was programmed for numerical solution on a digital
‘computer. Water, liquid oxygen, liquid hydrogen, and RP-1 were
considered as the working fluids.

2, Referee inducer testing of a scaled model was conducted to provide
data for comparison with analytical results. These data will also
be usable for investigation of scaling factors and correlation laws
among fluids. Water and liquid hydrogen were selected as the
test fluids.

1-1
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2.0 SUMMARY AND DISCUSSION

Three characteristic problems form the basis of an advanced inducer technology and of

the work now being reported. First, an inducer is generally situated upstream of a high
pressure pump impeller, and the proper design of the latter requires a knowledge of

inducer outlet fluid state and velocity distributions. These distributions are the primary
basis of judgment of inducer performance. They vary with inlet and other flow con-
ditions, and analysis of the inducer flow field produces the desired information. This
analysis can be achieved by (a) examination of test results, (b) the solution of a theoretical
flow model by approximate methods, or (c) a three-dimensional solution of the flow model.
Normally, all these methods are required during the course of study, and work was done in

“each area. Approach (a) has been generally used in other work, but much of the detailed

information has been obtained in water tests on scale models. This brings up the second
characteristic inducer problem; viz., the question of how to properly apply test results

to different model sizes and fluids. A dimensional analysis of the process furnishes the
requirements for similarity, and the solution of the equations involved - either analytically
or empirically-provides the effects of departures from similarity. Analysis was conducted
in both these areas, yielding some results in two-phase similarity. An understanding of
the above two basic problems leads to the third one; viz., the establishment of inducer
design criteria for operation at minimum NPSH conditions. In addition to criteria for
pressure and velocity distributions on the blades of a low NPSH machine,! requirements
imposed upon the geometry by the mass flow limitations of a vaporizing liquid need to be
established. Studies of the flow of a vaporizing liquid were carried out and have led to
new conclusions in this area.

Detailed descriptions of the technical studies and procedures are presented in Section 4,0,

Section 4.1 describes the theoretical flow model that was set up to form the basis of the
studies. The model applies to cavitation since it assumes a homogeneous flow of a liquid
and its gas under conditions of thermodynamic equilibrium. In other words, the state proper-
ties are assumed to be continuous functions of position. This assumes that any bubbles that
exist are infinitesimal in size and infinitely many. Losses are accounted for by local appli-
cation of friction and diffusion loss factors. On the basis of observations and of thermo-
dynamic properties, hydrogen flow appears to conform most closely to this flow model as
regards the homogeniety and equilibrium assumptions. '

Section 4.2 treats the approximate or quasi three-dimensional solution of the flow model
applied to the inducer flow field. Although the analysis was done for axially symmetric
flow in an essentially axial-flow machine, adaptation to other arrangements is possible.
It was programmed and run to solution for flow in an existing inducer. The solution gives
pressure and velocity distributions on the blades within the inducer and at the outlet of
the machine. The results are presented in Section 4.7,

] Superscript numerals denote references in Appendix B

2-1



Section 4.3 describes the work that was done on a three-dimensional solution of the flow
field. The advantages of this solution over the approximate one discussed above are
those obtained by a more exact analysis and the ability to treat secondary or corkscrew
type flows in the inducer passages. Further work is required to complete this solution.

Section 4.4 describes the dimensional analysis that yielded the criteria for similarity and,
therefore, scaling and correlation among various fluids. The approximate solution of the
flow field was non-dimensionalized, also revealing the parameters whose effects are
calculated in the program. The flow model was used as a basis for this work, and so the
results cover only the homogeneous, equilibrium case. However, some work was done to
provide insight info the effects of bubble size.

Section 4.5 discusses the inducer design criteria that are obtainable from the above studies.
One-dimensional flow studies show how to obtain mass flow limits for a vaporizing liquid.
When combined with the pressure and velocity distributions required within the inducer
blade system, lower limits are imposed on the mass flow of such a fluid. Further work is
required to show how the shiffing of blade loading (and therefore the changes in these
limits) under two-phase conditions lead to an optimum inducer geometry.

Section 4.6 is a detailed presentation of the test program, which was conducted to obtain
data for evaluating the analytical approach. An existing inducer design as a referee
unit was built and tested in water and hydrogen at speeds of 8,000 to 30,000 rpm. The
test facility instrumentation and procedures are described, and the test data is presented.

Section 4.7 presents and discusses the theoretical and experimental results. These results
of the quasi three-dimensional solution of the inducer flow field are presented for in-
compressible flow of water, liquid hydrogen, liquid oxygen, and RP-1. Two=-phase solutions
were also obtained in the leading portion of the inducer blading. The test results are pre-
sented and discussed in view of the theoretical understanding gained in the work of the
previous sections.
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3.0 CONCLUSIONS AND RECOMMENDATIONS

A flow model has been developed for describing inducer performance variations due to
cavitation and other effects. An approximate or quasi three-dimensional solution of

this model has been programmed and run on a digital computer. It describes the inducer
flow field and its variations when pumping water, liquid hydrogen, liquid oxygen, and
RP-1. Further work is required to improve the compressible iteration loop of this program.
A three-dimensional method of solving the flow model has been developed to take into
account the effects of secondary flows within the inducer as well as to obtain a more
exact solution. This also has been programmed on the computer, but needs further
numerical analysis before a solution can be achieved.

As discussed in Section 4.6.6, the test vehicle and equipment operated satisfactorily.
Over ten hours continuous running time was accumulated in the water loop. During the
cryogenic test series, 6200 gallons (3720 Ib) of liquid hydrogen was expended to produce
usable data runs of approximately thirty minutes total running time. Over 35,000 gallons
of liquid hydrogen were circulated through the loop.

While the inlet and discharge probes produced usable data during the water tests, this
instrumentation limited the cryogenic results. The failure of the discharge probe actuator
precluded attempting a 40,000 rpm liquid hydrogen test run. Prior to any additional test-
ing, this equipment should be modified to improve its application to the test vehicle and
to permit the obtaining of more extensive flow survey data.

Scale and different fluid effects have been considered by dimensional analysis and study
of the thermodynamics of vaporizing liquids. The requirements for similarity in a homo-
geneous, equilibrium flow have been obtained, and it has been shown that the effects of
departure from such similarity (variation of the parameters) can be described by the
computer solution of the flow model. These studies have led to some one-dimensional
analysis of the vaporizing or two-phase flow, which in turn shows the type of design
criteria that are required to obtain an optimum inducer geometry. Correlation of this
with the test results and further work in this area is necessary to develop a set of criteria
that are adequate for an ideal theoretical design.
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4.0 TECHNICAL STUDIES AND PROCEDURES
4,1 INDUCER FLUID MECHANICS AND THERMODYNAMICS (THE FLOW MODEL)

4.1.1 Basic Flow Relations

Because inducers must operate in fluids which have pressures that are not always greater
than the vapor pressure, a model that accounts for vaporization (cavitation) is required

for adequate theoretical treatment of the fluid motion. To obtain information about
performance of various blading configurations in a reasonable length of calculation time,

a continuum method of describing the flow is required. Otherwise, one must use distinct
cavity analysis, which must generally be applied to special cases of tractable geometrical
arrangements and which in their present classical form do not take into account the thermo-
dynamic effects of fluid vaporization.2,3 The simplest concept for describing the con-
tinuum appears to be one which treats the fluid as incompressible when the local state
conditions indicate that it is liquid and as a compressible, homogeneous "cloud” of liquid
and vapor when a quality mixture is indicated by these local state properties. In the work
now being presented, this arrangement was employed with the assumption that available
equilibrium thermodynamic relationships for fluid properties are applicable. As is generally
done in turbomachinery analysis, heat transfer was neglected; however, friction and diffusion
losses, which have considerable influence on such motion, were taken into account.

The equations used were for steady, adiabatic fluid motions in a rotating reference frame
whose axis of rotation and angular velocity are respectively coincident with those of the
inducer. For analysis in a fixed, inertial reference frame, it was necessary only to set

the angular velocity equal to zero and to regard the relative fluid streamlines and velocity
W as absolute. The equations are given as fol lows*:

Continuity

w - Vet o v-w =o® (4.1.1-1)
Motion

9;‘7/0: ﬂz;:‘ﬁ;.v)ﬁ;_zjz x i (4.1.1-2)

Energy (along streamlines)

P w?
o 4 ‘d(ﬂzﬁ)‘ 4(7) (4.1.1-3)

where 4 is defined in equation (4.1.1-6).

(*)Symbols used throughout are defined in Appendix A.
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State

P=r (f>S) (4.1.1-4)

-
This system of equations must be solved to obtain a solution of the flow. The term F in
the motion equation (4.1.1-2) is the frictional force per unit mass experienced by the fluid
because of velocity changes in the field. Since this vector is always in a direction tangent
to the streamline (i.e., parallel to the streamline direction), and since the vector equation
(4.1.1-2) has three component equations, we may write one of them for the streamline
direction as follows:

Jo dp _ a/(ng_cz),q/(_zmz) - Fd A

Pe) (4.1.1-5)

where the last term is the work done against friction as a particle moves through a distance
d A.along the streamline. Here, the concept of energy will be noted, and since we have
the three definitions

h=w + paor (4.1.1-6)

7ds = du + pdo | (4.1.1-7)
¥

7° =

(4.1.1-8)

the energy equation (4.1.1-3) may be rewritten as

\9/000/#;_ O’/{L—Zic-z) _ a/(zwzj_jo /s (4.1.1-9)

From equations (4.1.1-5) and (4.1.1-9) we see that

FAA = Fo 7ds (4.1.1-10)

Since we have assumed zero heat transfer, the work Fa’/\ is a loss of available energy.
We may then define the loss?:

Il = 90 7—0’5' (4.1.1-11)
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Thus the energy equation (4.1.1-3) and the streamline component equation of motion
(4.1.1-5) may be given by

900’,‘9_ 22 2
St =d(T5T)- (W) -dL

and the vector equation of motion becomes

(4.1.1-12)

,9/007/9: 02r-(W-y)W-2axr- 0—0,—,52) W"—v!—l (4.1.1-13)

from which the other two required component equations of motion can be obtained.

4.1.2 The Equation of State

As shown in equation (4.1.1-4), the problem of determining the state of the fluid is solved
by finding one property, in this case the density (or specific volume), as a function of two
other properties; viz., pressure and entropy. Since we are dealing with the possibility of
a mixture of liquid and gaseous phases, let us examine the process to which a typical fluid
particle is subjected in an inducer. Figure 4.1.2-1 shows the process beginning in

the liquid state at the inducer inlet (point 1). Point 1 could also be in the quality state.
As the pressure drops due to inlet losses, blade blockage, etc., the fluid reaches the
saturated liquid condition at the point marked "sat". Further pressure drops take the

fluid to successive points G in the quality region. Then as the pressure rises, the fluid
becomes a liquid and leaves the inducer at the higher pressure of point 2.

FLUID STATE
2
QUALITY
LIQUID (LIQUID PLUS GAS MIXTURE)
GAS
|
TEMPERATURE -
! sat P sat
|
|
|
P
Q[a
1 .
x| it wmq -
;
ENTROPY =~ §
FIGURE 4.1,2-~1
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Pressure variations in inducers produce negligible density changes in liquid, and tempera-
ture changes that occur also result in very small density variations. Thus the liquid density
(/"_{or/a.saf) is regarded as constant over the entire range of inducer fluid temperatures and
pressures. Order-of -magnitude checks show that the highest-head, lowest-efficiency
inducers produce values of loss & that result in small liquid temperature changes. For
example, a 50% efficient, 700 ft/sec (blade tip speed) inducer with a head co-efficient
= 2= .
/of 7% 2 = O. /
has a value for/TdS‘ , from equation (4.1.1-11), of approximately 2 Btu/lbm. For the
lowest operating temperatures (e.g., those of liquid hydrogen),4S = 0.06 Btu/Ibm-°R.
The relation between state properfies6 for liquid hydrogen dictates a corresponding
temperature rise of 0.5 °R. Now it takes a temperature change of 5 °R at constant
pressure to produce a 1% change in the specific volume of the liquid.)

For the quality region, the specific volume at the general point @ is

(4.1.2-1)
2 =yt X(/v-j—/u'f)

or, with equation (4.1.1-8), the density is

_ /
P =y //* x(_’fif_/)] (4.1.2-2)
°9

where (see Figure 4.1.2-1),

X = 2oSf (4.1.2-3)
Sg-Sf
For small entropy changes in the vaporization process, we may substitute for X at point
& its value at point 3’ :

Sy, St~ 5S¢
Sg - (4.1.2-4)

That entropy changes are indeed small, insofar as their effect on the two-phase fluid
density is concerned, may be seen as follows:

d = (g—;—”')é_ ap -/-(Q-@-’ ds (4.1.2-5)

s /p
(=)
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Checks similar to the one discussed above for the effects of entropy change on the in-
compressible density have revealed that the effects of the last term in equation (4.1.2-5)
are of second order and may be neglected. Thus, for purposes of determining the state
(density) of the fluid only, the movement in the quality region of the temperature-entropy
diagram (Figure 4.1.2-1) is isentropic between the point S&% and all other two-phase
points. The value of Psa ¢ is a function of the liquid temperature and is an input to the
analysis. For reasons discussed above, when the pressure is greater than Zsaz¢, neither
entropy nor pressure are assumed to have any effect on the liquid density. Thus the two-
phase fluid is barotropic (a function of pressure only), and equation (4.1.1-4) may be
simplified to read,

P=20P) (,b < ,b.faf) | (4.1.2-6)

The specific form of equation (4.1.2-6) is a combination of equations (4.1.2-2) and -
(4.1.2-4). However, the quality X (see equation (4.1.2-4) and Figure 4.1.2-1 may
be written as follows for small values of (P&z_é-p):

X = I (Psat = £) (4.1.2-7)
dp L2t Sfg , Sat

Now we can assume that (Z52¢-#) is always small enough for equation (4.1.2-7) to be
applicable, since the quality X s still very low, even when the mixture density
becomes quite small as compared to the liquid density © . Thus we may write equation
(4.1.2-2) as follows:

/
pzpf//+f(ﬁ5&f—ﬁ)/ (4.1.2-8)

dsr (.
J = iy (a /) ;(/b</°5¢1f)(4.1.2-9)

where

A A

o/ 19 sat ,
for the two-phase fluid. (The variations of f with £ could also be taken into account
if desired). When J is small (e.g., 0.00145 ftZ/Ibf in 20°K liquid hydrogen compared
to 15 ftz/lbf in 80°F water), /@ is not so greatly reduced for a given (Ba¢-£). Thus
a reasonably homogeneous two-phase flow over a wide range of pressure conditions may
be expected to exist in liquid hydrogen. (Visual observations tend to confirm this assump-
tion.) For single phase liquid, we have

P = K (#2 psat) (4.1.2-10)
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So, the state of the fluid as required by equation (4.1.1-4) is described by equations
(4.1.2-8) and (4.1.2-10). When combined the other equations of the motion, this
forms the basis for a reasonable description of the inducer flow field and for a whole
range of one-dimensional, homogeneous, two-phase, duct flow studies, as reported in
subsequent parts of this report.

4,1.3 Losses

A method of treating the losses that occur in an inducer and the variations in them that
are caused by the presence of bubbles in different amounts are included in the flow model.
The basic assumptions of this work prohibit heat transfer across streamlines and require an
essentially continuum flow field in thermal equilibrium. In such a flow, bubbles are many
and small and it is possible that the actual formation and dilation of these bubbles is
reversible. Even if such is not the case, the amount of the mass affected by bubble forma-
tion is quite small. The energy added per unit mass is also small since bubbles exist
primarily in the inlet regions of the inducer. (In this connection it was found that the
rate of entropy increase due to heat transfer into and out of a bubble can be estimated
with a knowledge of an average bubble radius 24 . This allowed a check of the loss, at
least on an order-of-magnitude basis. The check was made for both hydrogen and water,
and it justified the neglect of this loss.) However, the presence of the bubbles causes
increased velocities in the channels and higher skin friction losses. Also their presence
and eventual collapse downstream leads to larger relative velocity decelerations and
greater diffusion or separation losses than those that occur when no bubbles are present.

Therefore, it was decided to neglect the bubble formation heat transfer and dilation losses
(which can occur only in the absence of thermal equilibrium), and to treat the friction and
diffusion losses as primary. Since the flow field is turbulent, no practical solution of the
complete Navier-Stokes equations is possible. Because of the rather long flow passages
and turbulent motion, it is possible to assume that the momentum losses due to friction and
diffusion are immediately distributed multi-dimensionally across the flow passage, or from
blade to blade; i.e., mixing of the low energy fluid with the free stream occurs rapidly,

the idea being somewhat analogous to fully-developed flow in a duct. This is accomplished
by use of "equivalent” one-dimensional turbulent pipe and diffuser flow losses applied
locally to the flow along each streamline in the inducer.

These losses are separated into two categories, the first type being the loss essentially due
to zero-pressure~gradient type skin friction and the second being any loss in addition to
the first type that occurs when the pressure gradient is adverse (velocity decreasing). The
basic difference between these two types is that one depends on the local Reynolds number
of the passage (see equation 4.1.3-6) and the other is a separation or diffusion loss inde-
pendent of Reynolds number. The first type is always applied at all points, but the second
occurs only when the velocity is decreasing at the point in question.




TAPCO a division of

We now write the loss term of equation (4.1.1-12) as follows:
dl=dls +dl, (4.1.3-1)

For the first type of loss, the conventional turbulent pipe-flow relation is used; viz.,
.S w?
I, = 2, z a A (4.1.3-2)

where the hydraulic diameter Dh is that of the flow passage or inducer channel at the
station in question:

Dy= 4 ,’-—i- (4.1.3-3)

For the inducer channel, this is given by

Dy = 2re (1-€) (4.1.3-4)
1+ L&) r

/./.f 'ﬁé' J‘ec,é’

where /& is a function of »

Examination of references’ and consideration of surface roughness8 allows us to use the
empirical relation for

= 0.6/04
»f o.007/4 + (2)035 (4.1.3-5)
where o - W Dﬁ
7 (4.1.3-6)

and 2/ is the liquid kinematic viscosity.

The second loss is obtained by assuming that the fluid is flowing (locally) in a conical
diffuser of approximately the channel cross-sectional area. Incompressible flow is
assumed in obtaining this equivalent diffuser in order that the equivalent cone angle
obtained can be directly related to a velocity change and not a density change. The
loss is expressed by

dly = —,éa’/—g—(z) (4.1.3-7)

50 fhatj is the amount of the local velocity head change that results in a loss. The
value of & is essentially that for a conical diffuser with the skin-friction or Reynolds-
number-dependent portion of the loss subtracted, since we are allowing for this in Jéa .
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Examination of conical diffuser data? with this in mind indicates that for the range of
diffuser cone half angle & with which we are concerned,

@
A =/ - =7 Zangd (4.1.3-8)
where anm ¢ = — 2—/ -g._n_, 0(/) (
A 77 ng w3 (4.1.3-9)

L‘a.n¢/=0 __,._>0)

(4.1.3-10)

0( ) is the volume flow that results where the entire mass flowing is liquid, and "a" is
a constant now equal to 4/3, this value being determined by reference to diffuser loss

data.?

Our reasons for neglecting direct bubble formation and dilation losses have been given.
However, other losses can be added if it becomes apparent that they should be included.
In this area, any "on-location" losses (i.e., those which occur at given points in the
machine, such as leakage across the blade tips, etc.) could be added.

In its present form, the fluid flow model reflects the presence of vapor as long as the flow
is continuum in nature. Thus we have the means for obtaining the differences in perform-
ance due to thermodynamic property variations among fluids. However, the question
remains as to what constitutes deviation from this continuum concept. Primarily we can
say that once bubble centrifuging across streamlines becomes paramount, the continuum
concept needs either to be abandoned or approached in another way. Insofar as performance
correlations between fluids having only different bubble sizes are concerned, the existing
form of the flow model is not applicable. However, the present loss factors can be revised
to reflect the influence of bubble size differences. It now remains to apply this in the
specific areas of mathematical solution of the inducer flow field, dimensional analysis,
and one-dimensional flow studies. These are described in the succeeding portions of the
report.
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4,2 QUASI THREE-DIMENSIONAL SOLUTION OF AXIAL INDUCER FLOW FIELD

4,2.1 Method of Analysis

To obtain the distributions of pressure and velocity at the inducer discharge as well as the

values of these quantities within the rotor ( both the average values and those on the blade
surface), a quasi three-dimensional method of analysis has been developed. This has been
programmed on a digital computer and adaptation to mixed-flow configurations is possible,
although the immediate application is to a primarily axial-flow analysis.

The solution is obtained by combining approximate two-dimensional analysis of an axi-
symetric flow in the meridional plane (Figure 4.2.1-1) and of a blade-to-blade flow in an
annulus formed by rotating two adjacent meridional streamlines about the Z axis (See
Figure 4.2.1-2. The radial distributions of fluid pressure, density, saturation pressure,
and meridional velocity at the blade leading edge are presently assumed constant but may
be variable with some small adaptation. The flow is assumed to be restricted to the annuli,
which have fixed locations at inlet, as shown in Figure 4,2,1-1, The problem is to adjust
the meridional locations of these annuli’ as one proceeds through the machine from one
axial station to the next. Because the flow is primarily axial, the major effect on the
meridional solution is the blade-to-blade solution and its variation under cavitating
conditions. Furthermore, shifting of the meridional streamlines is slight; therefore, to
first order, no effect is assumed to be propagated upstream. This enables one to make the
annulus adjustments in their entirety at each axial station so that only one pass through
the machine is necessary in the analysis, However, subsequent passes could be made to
provide higher-order adjustments,

MERIDIONAL INDUCER FLOW ANALYSES
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NOM . SEE HIGURE 4 2.1-2 FOR BLADE-1O-
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BLADE-TO-BLADE FLOW ANAL